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End of Old Moore’s Law

Maintaining planar evolution so far... But, Scaling is getting difficult
* Sub-lynm hitting the limit of cell reliability > Enterprise ?

I e . + Tremendous investment cost required to continue > Consumer ?
Shrinking chips
Number and length of transistors bought per $

S 5 120nm 1Gb
Transistor size, nanometres (nm) Transistors bought per S, m

90nm 2Gb

200 20.0
175

17.5
150 15.0
125 125
FORECAST
100 100
75 7.5
50 5.0
25 2.5
0 0
2002 04 06 08 10 12 14 15
Source: Linley Group
ALSO ON ITERSNEWS
19m
Shrinking chips .

Number and length of transistors bought per $

el End of Growth of Single Program Speed?

40 years of Processor Performance

100000
Sl Apple A12
10000 single thread
1300m o performance
ol i (RISC ISA)
- x 1000 =
o= (oroneusom s x86 Skylake
2002 E single thread
g 100 perf (SPEC),
E at much
g lower power,
o 10 Anandtech
10/8/18

.280 1985 1990 1995 2000 2005 2010 2015
Based on SPECintCPU. Source: John Hennessy and David Patterson, Computer Architecture: A Quantitative Approach, 6/e. 2018
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Internet Of Things

ImpactLab.net
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MOre Than MOOre GEORGIA TECH PRC

3. SYSTEM 4. THERMAL INTERFACES
1. THIN 2D AND 3D ACTIVES 2. THIN FILM PASSIVES INTERCONNECTIONS AND STRUCTURES
OPTO SOP DIGITAL SOP EBG & ANALOG & RF SOP BIO-SENSOR
ISOLATIOI\VV

MEMS PACKAGING

S S

ANTENNAS &
3D CAPACITORS
ON OR RPOSER
m POWER
HIGH DENSITY I/0 3D ICs & BATTERIES
6. MIXED SIGNAL 7. MECHANICAL DESIGN
5. MULTI-FUNCTION MATERIALS DESIGN AND TEST AND RELIABILITY 8. POWER SOURCES

R

Resonator Accelerometer MEMS Cavity Mirror Arrays Cantilever Resonator Wellsin Silicon Channels in Quartz Deep Trench Isolation Poly Gate Trench
MEMS Microfluidics High Voltage

DSIE Vias Cu Metalization 45nm MuGFET 3D Memory MRAM Carbon
Nanotubes
3DIC Transistor Memory
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WHAT IS ADVANCED PACKAGING?

Nancen = .
SEMICONOOCTORS




Span of Advanced Packaging

Packaging

Analog |
B Flash  J[Aee

Wafer Fab

r S8R0 BB

' =54 Advanced Packaging |
clo o b vieheessiemd - 100-1,000,000/sgmm

ewSamun 1000-10M Interconnects/device
1slsqmm = 100,000,000s/sgmm

¥ Transistor to Transistor

Peripheral 1/0 :
- = Ultimate goal

= Flash, DRAM

= CMOS Sensors
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BCB Mem controler layer in bottom

. Capillar Al pad
underfill 3DMem TSV rad <1um .
S0um C2W Cu2Cu bond
1500 ~5um pitch
u TSI TSV H:R Psum
100/10um
. DR2 cha DMe DDR PCB
.
RDL
I M E A_Star / 3DMemff section 3DMem # section N’
ot
Tezzaron TSI (~2ML BEOL w/s=2/2um )
Collaboration
0 c4 bonds
~150um pitch
H™80um

IME A-Star / Tezzaron Collaboration

HBumps Die to Wafer Cu Thermal Diffusion Bond
C4 Bumps
2 Layer Processor
level#4

level#3

Active Silicon Circuit Board I I level#2

level#1

level#0

Solder Bumps
HANLCEL
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DBI®: Low Temperature Hybrid Bonding Process

. WAFER | .| CMP | ACTIVATION | | ROOMTEMPBONDING | LOW TEMP BATCHANNEAL |

Metal ad Si Wafer Interconnect .
Metal Bond Pad

Chemical Mechanical Spontaneous Bond  Silicon Wafer Very Thin
Silicon Wafer Polishing Dielectric

No External Pressure

Neancen ~=— , 8
SEMICONDUCTORS




Hybrid Bonding Internal Thermo-Compression

Electrical Interconnections without External Pressure
Minimizes Stress and Cost of Ownership

Heatin Closes Dishin Further Heating Compresses Metal
Cross- Sec(tg(r;re;]fglré)Plck/Place J J w/out External Pressure
(-1 nm/um/50°C)

SILICON > SILICON > SILICON

CMOS Back End of Line CMOS Back End of Line _ CMOS Back End of Line
@xide METAL Oxide ,'i' xide Y5718 Oxide o Oxide gV S8 Oxide ‘
- METAL Oxide Oxide METAL Oxide : .;J-!Xide ('L \ Nl Oxide '

'CMOS Back End of Line —= cmos Back End of Line " CMOS Back End of Line

SILICON SILICON SILICON

Spontaneous Chemical Reaction with Byproducts Diffusing Away from Bond Interface
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Hybrid Bonding Interconnect Pitch Scaling

Cu/SiN DBI°
Hybrid
Bonding

10 um DBI® pitch, 300°C 1.9 um DBI® pitch, 300°C

« 3sigma < +/- 1um misalign performance
* Production Minimum pitch = 2.44um

« Best alignment is achieved with face-to-face
bonding

0.1 micron alignment

Scalable To < 1um Pitch

Cu/SiO DBI°
Hybrid
Bonding

Bond
Interface 1.6 um

300°C
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Wafer-to-Wafer vs. Die-to-\Wafer
 Wafer-to-Wafer e Die-to Wafer (DBI Ultra)

* Process implementable in foundry « Accommodates die tiling, stacking and
back end of line (BEOL) with a low mismatched die/wafer sizes
cost-of-ownership - Additional process steps of die

— Patrticle control requirement easily singulation and handling required
met

— Additional particulate/handling challenges
— Proven in many applications

« CMOS BSI Image Sensors _ _ o ' _
. RF switches Die Stack with DBI® Hybrid Bonding

. Requires wafer and die sizes » Improved performance, cost, and yield/reliability potential
to be matched « Throughput — no reflow/alloy, throughput improved x2
» Thermals — no underfill, AT improved x5/10 for 4/8 high stack
« Electrical parasitics — DBI® replaces bumps, RC improved ~ x20
50um die stacked 4-high, optical and SEM cross-sections « Reduced stress — eliminate reflow/alloy and underfill
» Reduced pitch — pick/place tool limited, throughput dependent

4-high 50um die stacks  4-high cross section  Die bond interface
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Hybrid Bonding:
Yield = 80% +/- 20% electrical yield depends on project

« 2 step anneal for Si02 bonding first and followed by metal-to-metal bonding
« Cu and Ni are used for vertical interconnect bonding metal

 Front-to-front & back-to-front bonding depends on design

 Application for the high density fine pitch vertical interconnect

(b) C-SAM after anneal @350C of wafer bonded

(a) C-SAM after anneal @350C of wafer ’ .
bonded with large die size /\Z'—/ANL_EU S with small die size

SevicoNoOoCToRs
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S102 Bonding and Hybrid Bonding for Multi-Wafer Stacking

4 wafer stack : SIO2 bonding

8 wafer stack : Hybrid bonding
16 wafer stack : Si02 bonding
20 wafer stacks : Hybrid bonding

Currently ~80% of NHanced processed wafers are used for customer “production”

g8y - -1 bonding: F-to-F

! _ _2"honding : B-to-B

_ -3 bonding : B-to-B

- - -15' bonding: F-to-F

PCL#150724004 W#4010502RB 1.2um TSV (Polish)
EM-4800 5.0kV 8 7mm x500 SE(M) 7/28/2015

(@) Picture of 4 wafer stack bonded using SiO2 bond (b) SEM cross sectional micrograph for 8 device wafer stack

Top Si has been removed /\/HANL_ED S
SENVICONOUCTORS

® _ _2d honding : B-to-B

§5 - -1° bonding: F-to-F
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Hybrid Bonding of Heterogeneous Substrate:
Yield = 70% +/- 20% electrical yield depends on project

Bonding
Interface

HF ; Vo mag = WD mode —10 pm

KR | 51.2um | 2.00kV 5000 x 4.3 mm SE COFNWO039

Substrate

NHANCED S 14
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2.9D Systems

Mixed technology assemblies
Flip-chip
Copper pillar
DBI die to wafer
Organlcs and silicon CII‘CUI'[ boards
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http://www.fnal.gov/pub/today/archive/archive_2014/images/3dchip-14-0054-06D.jpg

Hybrid Bonding of Die-to-Wafer:
Yield = 80% +/- 20% electrical yield depends on project

« 2 step anneal for SiO2 bonding first and followed by metal-to-metal bonding
« Cu and Ni are used for vertical interconnect bonding metal
 Pad can be opened on die back or host wafer front.

}.
i

(@) Die-to-wafer bonding for smaller die: (b) Die-to-wafer bonding for bigger die:
C-SAM and wafer picture C-SAM and wafer picture
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Si Interposers

Bigger, Better, Faster
>50x50mm, Up to 6 layers, Lower R,C

0.1pm Si3N4

ppppppppp
LLLLL

0.5-1pm SiO2

BS TSV

Passivation

Layer
0.3um-Si3N4/2um-Si02
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Quilt Packaging

SR e L R R T L

L e TR T E R T L ST R P L T

CHIP1  CHIP2

Figure X: (top left) Quilt Packaging concept cross-section
illustration & image of a post-reflowed QP CMOS quilt;
(bottom left) SEM image of quilted chip-to-chip seam of
>10 micron width; (top right) QP-enabled miniature
curved array demonstration article; (bottom right) profile
view of QP-enabled miniature curved array.
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5 mm — 2x1 Quilt, Thermal Compressed — 8 um TSV, 35
um Pitch - Quilt #: NGQ-5-2615-2410

r
22 25 kV 100 pm 250X A 2018/11/14
- G e
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Transfer Printing uChiplet

print, repeat %

L interconnect

Populated Stamp

Source Wafer

Printing

Densely packed micro components
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Non-native “Target” Substrate

%/—/

1= transfer 2™ transfer

Dispersed micro components
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4 - 725um no p spray

5-725um
6 - 725um

8 - 500um
9- 500um

S
g & il

B-BONDING PADS ROIC

521 I I S R Y mcerme
P s S s FUSION BONDING
E s o s ANALOG
FUSION BONDING
500.um

SENSOR
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Summary

Advanced packaging is now driving semiconductors
There are many options

Investments of billions of dollars over the last decade+
— Bought down risks
— Created more options

Orders of magnitude lower costs than new node

— Technology mixing that enables
— Denser

— Lower power

— Lower costs / cost of ownership
— New directions and possibilities
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